Reducing the effect of leg length discrepancy (LLD) on gait abnormalities while other abnormal conditions such as spasticity, joint contractures or weak muscle strength are exhibited is challenging. This study aimed to evaluate the impact of mild LLD on lower limb biomechanics, on participants with anatomic LLD with and without other clinical abnormalities. A motion capture system was utilized on 32 participants to measure lower limb kinematics and dynamic leg length (DLL) throughout the gait cycle, calculated as the absolute distance from the hip joint center, either to the heel, ankle joint center, or forefoot. The Pearson correlation coefficient found that LLD was associated with 5 kinematic variables only when LLD appeared with no other clinical abnormalities present (r = 0.574 -0.846, p < 0.05). When clinical abnormalities were present, the random forest classification accuracy was lower (64% versus 80%), implying that the used kinematics are low predictors for anatomic LLD, revealing a higher asymmetrical clearance index (the difference between the maximal stance phase and the minimal contra-lateral swing phase DLL) and a different kinematic variable importance index. Clinical abnormalities in pathological gait will in all probability significantly affect gait deviations, affirming mild anatomic LLD as inconsequential. A functional measurement can offer a better estimate as to the side and extent of the functional discrepancy.
Introduction
Leg length discrepancy (LLD), a common orthopedic condition, may be present either due to structural deformities originating from true bony leg length differences [1] , or functional deformities originating from abnormal lower limb biomechanics [2] resulting from musculoskeletal abnormalities-such as joint contracture, static or dynamic mechanical axis malalignment, muscle weakness or muscular-tendon shortening.
Recent studies have reported that gait deviations occur when LLD is <2 cm (hereafter, mild LLD) [3] [4] [5] ; others have reported LLD as slight as 5-10 mm [6, 7] . Two main methodologies evaluating gait asymmetry as a result of LLD have been described in the literature. The subjects either existed anatomical LLD [8, 9] or LLD was acutely simulated with a shoe or heel lift in subjects assumed to have anatomically equal leg lengths [3, 7] . Eek et al. assessed the impact of mild LLD on pathological gait deviations by correcting gait deviations using a sole lift of 12 mm among children diagnosed with spastic cerebral palsy diplegia and a relatively mild LLD of 16 mm (range 10-28) [5] .
Several studies have found that LLD is compensated by dynamic strategies aimed at achieving functional equalizations [1, 3, 7, 8] , primarily when clearing the foot of the longer lower limb off the ground during the swing phase. Compensatory gait deviations can occur simultaneously in both the longer and shorter lower limb. Compensation of the shorter lower limb during the stance phase functionally elongates the limb by increasing hip and knee extension and ankle plantar flexion, whereas the longer leg utilizes deviations that functionally shorten the lower limb during the stance and swing phase with opposite kinematic deviations. According to the presence of the above asymmetric kinematic deviations, an anatomic LLD may be assumed. When assessing patients displaying neuromusculoskeletal abnormalities and exhibiting pathological gait deviations, additional clinical abnormalities such as spasticity, weak muscle strength and joint contracture deformities will either contribute to their functional LLD or limit their ability to compensate for anatomical LLD. Accordingly, the ability to measure the effect of LLD or to determine the lift height needed for correcting gait deviations is difficult. No attempt has been made to assess the impact of mild LLD on gait deviations in patients with pathological gait and its relationship to clinical abnormalities that might be present.
The primary aim of this study was to analyze kinematical asymmetry of patients with mild LLD with and without other clinical abnormalities and compare the impact of LLD on their gait deviations. The secondary aim was to assess and quantify functional discrepancy based on dynamic leg length (DLL) measurements [7, 10, 11] . We hypothesized that patients with only LLD would achieve dynamic equalization with asymmetric kinematics by functionally shortening the longer side, and lengthening the shorter side, respectively. However, for patients with other abnormalities, LLD would not correlate with kinematic asymmetry due to their clinical abnormalities, and they would have a higher asymmetrical DLL, i.e., higher functional discrepancies.
Materials and Methods

Participants
Thirty-two participants with gait deviations and LLD diagnosed by an orthopedic surgeon (using direct tape measurement) [12] were included in the study and evaluated to determine the need for a corrective heel or shoe lift. Participants were divided into two groups: Group A comprised 15 participants, average age-27 years (SD 13), mass-62 kg (SD 13) and height-169 cm (SD 13) . No clinical findings known to affect their gait pattern were found in their musculoskeletal assessment. In Group A participants were diagnosed with idiopathic or post trauma LLD (n = 8), bladder exstrophy without osteotomy (n = 3), unilateral tibia vara (n = 2), Perthes' disease (n = 1) or in-toeing gait (n = 1). Group B comprised 17 participants, average age-25 years (SD 14), mass-58 kg (SD 15) and height-160 cm (SD 10) exhibiting clinical abnormalities in their musculoskeletal assessment such as joint contractures, decreased muscle-tendon length or weak muscle strength. Diagnoses and clinical abnormalities for participants in group B are presented in Table 1 . Participants of both groups had not undergone surgery, nor have they suffered any injury during the previous year; all were capable of ambulating without an assistive device and were able to walk independently in and outdoors. 
Procedure
Gait data were recorded by a three-dimensional motion analysis system (Vicon ® , Oxford Metrics, Oxford, UK), according to the PlugInGait model (PGM) [13] , to measure gait deviations of the pelvis and lower extremities with a sampling rate of 120 Hz. Thirteen reflective passive skin markers were placed on the subject's pelvis and lower limbs according to the PGM protocol. Heel and forefoot markers were also placed according to the PGM protocol [14] . A custom foot alignment device with a cross-hair laser, based on the novel device described by Wervey and Schwartz, was used to ensure proper placement of the lateral malleolus, heel and forefoot markers [15] . Participants walked barefoot at their own self-selected speed. Six gait cycles were chosen for further analysis.
Lower limb X-rays for measuring anatomic LLD were performed either by a standing calibrated X-ray using a 2.54 cm metal ball and TraumaCad ® software which provided the investigator with a full set of wizards, digital measurement tools and on-screen images [16] or by supine CT scanograms. Femur length was measured from the proximal aspect of the femoral head to the distal end of the femoral condyle; tibia length was measured from the tibia plateau to the tibia plafond. All X-ray measurements were performed by an experienced physician specialized in radiographic measurements. Each group was then divided into two additional subgroups according to their anatomic LLD findings (a longer right or left lower limb). The study was approved by the Medical Center's Ethics Committee.
Clinical evaluation was performed by the main investigator encompassing lower limb joint range of motion (ROM) and muscle-tendon length by employing a plastic goniometer, manual muscle testing [17] and muscle tone assessment with the Modified Ashworth Scale [18] , when relevant.
Data Reduction and Analysis
We analyzed maximal values of the following joint kinematics at defined events of the gait cycle: frontal plane pelvic obliquity during mid-stance and mid-swing phases, hip flexion-extension during initial contact, terminal stance and mid-swing phases, hip adduction-abduction during mid-swing phase, knee flexion-extension and ankle dorsi-plantar flexion during initial contact, mid-stance, terminal stance and mid-swing phases and ankle dorsi-plantar flexion during foot off (Table 2) . These values were chosen as they have been previously found to dynamically compensate for LLD [1, 3, 7, 8] , by a significant difference in kinematical angles measured on the longer versus the shorter lower limb. Thus, kinematic asymmetry was assessed by calculating the difference between the longer and shorter lower limb's kinematic angles. Gait variables were normalized at 51 data points.
Throughout the gait cycle, the functional leg length was measured by three separate DLLs, measuring the distance from the hip joint center to the heel marker (HDLL), to the ankle joint center (ADDL) and to the forefoot marker (FDLL) [7, 10, 11] respectively (Figure 1) . The PGM ascertained the virtual trajectories of the hip and ankle joint centers. Clearance index was defined as the difference between the maximal DLLs measured during stance phase (right or left) and the minimal DLLs measured during the contralateral swing phase (left or right) [7] . Mid to terminal stance was defined as the stance phase; mid-swing was defined as the swing phase. These values are most critical in the gait cycle where the maximal functional leg length during stance is required to clear the contralateral side while the minimal functional length during the swing phase is required to clear the foot off the ground. A higher index value occurs during the longer limb swing phase due to excessive functional shortening and/or functional elongation of the shorter limb during the stance phase [7] . A lower index value may be present due to excessive functional shortening of the longer limb during the stance phase and/or decreased functional shortening of the shorter limb during the swing phase [7] . Thus, the clearance index allows quantifying the functional discrepancy, which is the difference between the right and left clearance index. The clearance index was identified according to the side of the swing limb and was found to be symmetrical among the 40 healthy participants evaluated in the same gait laboratory (Figure 2) [7, 11] . 
Statistical Analysis and Interpretation
The relationship between LLD and kinematic asymmetry was evaluated by the Pearson product-moment asymmetry. Kinematic asymmetry was defined as the difference between the longer and shorter lower limbs' kinematical angles at the predefined gait event (Table 2) . To evaluate the relationship between anatomic LLD and their kinematics in both groups, and to point out the kinematics that are most correlated with anatomic LLD, we fitted a random forest model for supervised classification to each group separately. Groups A and B were classified into subgroups according to whether the individual exhibited a longer anatomic left or right lower limb, based on a set of predictor variables (gait kinematics). Subsequently, we used the random forest algorithm to extract the variable importance for classification from the Gini importance index, which evaluates variables importance by their impact on classification accuracy when their values are reallocated randomly. The random forest method is considered to be superior to most existing classifiers [19, 20] and does not require assumptions regarding data distribution.
Although this method does not produce explicit thresholds for variables' significance, one can still notice the most influencing variables. However, the variables in the model and their distribution are of interest to clinicians. Thus, we then proceeded to evaluate the differences in clearance indices between each pair of subgroups categorized with the same anatomic LLD.
All kinematics variables, for each group, were tested for holding the normality assumption by the Shapiro-Wilk test, and adjusted to the Bonferroni correction for multiple comparisons. Analysis was performed using R software version 3.2.4. Random forest classification accuracy was 80% for Group A versus 64% accuracy for Group B (Table 3) , which implies that the kinematic variables used are more adequate predictors for anatomic LLD in group A. Based on the Gini importance index, different kinematic variables were ranked as the 14 most important kinematics variables which influence the classification of participants as to a longer left or right lower limb (Figure 4) . In Group A, three participants were erroneously classified. All were diagnosed with idiopathic LLD; 2 with a LLD of 3 mm and 1 with a LLD of 11 mm. In Group B, 6 participants were erroneously classified due to significant clinical abnormalities. Patient 1 with severe right hip joint ROM limitations, patient 3 with severe knee flexion contracture, patient 5 with a paralytic right foot, limited ankle dorsi and plantar flexion ROM, patient 12 with limited dorsi flexion, short hamstrings and weak dorsi flexors, patient 13 with short hamstrings and limited hip ROM and patient 15 with limited hip, knee and ankle ROM with weak plantar flexors.
Results
Each
The clearance index was highest in both groups on the longer limb (when the right lower limb was at swing phase), except for Group A (Left > Right), which was relatively symmetrical ( Figure 5) . When comparing the clearance indices between the groups according to their anatomic LLD, Group B exhibited a higher clearance index difference between sides as opposed to Group A. A difference in clearance index between sides was found to be higher than FDLL in HDLL and ADLL in both groups. 
Discussion
Our study demonstrates that anatomic LLD is correlated with compensatory kinematic asymmetry only when no additional clinical abnormalities are present. The presence of clinical abnormalities, such as joint contractures, muscle-tendon shortening and weak muscle strength will most probably have more of an effect on gait, making the mild anatomic LLD of <2 cm inconsequential. In pathological gait deviations, a functional measurement based on DLL might assist in assessing functional LLD during gait. When examining the relationship between kinematic symmetry for movements known to compensate for LLD and anatomic LLD measured by X-ray, no correlation was found in Group B with pathological gait and clinical abnormalities. However, a high correlation was found in five kinematic parameters in Group A that had only LLD as a clinical finding, consistent with others [1, 3, 4, 8] . This suggests that kinematic asymmetry in pathological gait where clinical abnormalities were present, was not associated with LLD.
Group A exhibited a uniform gait pattern, demonstrating that a higher classification accuracy attained by the random forest method might suggest that LLD was the main factor influencing their gait deviations. An 80% accuracy level obtained by the classifier in Group A is considered high. It is well-known that decision-making in pathological gait is variable [21] . Both groups presented different classification variables for LLD displaying a different kinematic profile, despite a similarity in LLD. In addition, evaluating the 3 cases in group B which were incorrectly classified by the model, revealed that they were relatively "normal" subjects: two with an LLD of 3 mm and one with an LLD of 11 mm, which seems reasonable to be classified incorrectly. However, in group B, the model incorrectly classified 6 subjects, with significant clinical abnormalities leading to difficulty in classifying them according to their gait pattern.
The clearance index, based on the relationship between maximal stance and contralateral minimal swing phase DLL revealed several differences between the groups. A relatively different clearance index between sides was seen in group B, which might be related to their clinical abnormalities since the two groups did not differ in their anatomic LLD. Group A achieved compensatory asymmetry in their gait pattern which equalized their DLL. The asymmetry in their anatomic LLD was associated with their clearance index, except for Group A with longer left lower limb, where a relative symmetry was found despite the anatomic LLD. This might be due to the fact that some subjects with LLD were able to-or chose to-compensate for their LLD and change their DLL, while others are not able to-or do not to-compensate. This might depend on the amount of LLD or factors that we are still not aware of. However, group B exhibited a pathological gait with significant clinical abnormalities affecting their DLL, leading to an asymmetrical clearance index, unrelated to their anatomic leg length. In addition, Group B with longer right lower limb presented higher asymmetry in their HDLL and ADLL, which may imply that this group was severe with significantly more clinical abnormalities that affect gait and lead to asymmetry. FDLL performed differently and presented a relatively symmetrical DLL, which might be due to its dependency on ankle joint movement [11] due to compensation strategies used along with the clinical abnormalities.
The effect of the functional discrepancy, as a result of the clinical abnormalities, considerably affects gait more than LLD, and thus, this should be the basis on which asymmetry is quantified and equalization determined.
Although this research was methodically planned, the authors are aware of its limitations. The polyvalence of the primary diagnosis of the patients demonstrates a potential limitation which may have produced some inconclusive results. Despite the imperfect accuracy of marker placement in the suggested method, this approach offers the best estimate of functional discrepancy and a solid ground for intervention. One can argue that the location of the lift is dependent on the timing of the functional discrepancy; a higher discrepancy in FDLL will necessitate a foot sole lift compensation. However, if the functional discrepancy is HDLL or ADLL, then a heel lift might be suggested. The extent of the correction might be half of the functional discrepancy measured, since compensation is generated by both lower limbs. However, this should be validated in further studies.
Conclusions
We question the implication of mid anatomic LLD in patients with pathological gait patterns and clinical abnormalities in order to analyze their gait deviations. The role of mild anatomic LLD in pathological gait when additional clinical abnormalities are present might be limited based on their kinematic profile. Currently, no method has yet attempted to detect and quantify functional LLD. A functional measurement method taking into account the anatomic leg length and kinematic deviations was thus applied, offering a better estimation as to the side and extent of the functional discrepancy. Further studies are recommended to validate this process.
